BACKGROUND: Childhood overweight develops during`critical periods', but the relationship of body mass index (BMI) patterns during`critical periods' from childhood into adulthood with subsequent overweight and adiposity has not been previously investigated. BMI patterns during early childhood, pubescence and post-pubescence and their independent effects on overweight and body fatness at 35 ± 45 y of age were examined along with birth weight and the effects of adult lifestyle factors. METHODS: BMI parameters describing the timing, velocity minimum (min) and maximum (max) values from 2 to 25 y of age were related to adulthood BMI values and total and percentage body fat (TBF, %BF) at 35 ± 45 y. These data were from 180 males and 158 females in the Fels Longitudinal Study. RESULTS: There was no sex difference in the timing of BMI rebound, but the age of BMI maximum velocity and maximum BMI were both earlier in girls. Children with an earlier BMI rebound had larger BMI values at rebound and at maximum velocity. Children who reached maximum BMI at later age had larger maximum BMI values. Maximum BMI was a strong predictor for adult BMI and in females, a strong predictor of adulthood TBF and %BF. Maximum BMI was closely related to maximum BMI velocity in females and in males, BMI at maximum velocity is a strong predictor of TBF and %BF. CONCLUSIONS: Changes in childhood BMI were related to adult overweight and adiposity more so in females than males. BMI rebound is a signi®cant important period related to overweight at 35 ± 45 y in females but not in males. However BMI patterns during and post-adolescence were more important than the BMI rebound for adulthood TBF and %BF status. There is marked tracking in BMI from approximately 20 y into 35 ± 45 y. The pattern of BMI changes from 2 to 25 y had stronger effects on subsequent adult overweight than birth weight and adult lifestyle variables.
Introduction
Signi®cant increases in the prevalence of overweight in the US population have been reported at all ages. 1 ± 3 Overweight in adulthood is frequently associated with an unhealthy lifestyle, and it is an established risk factor for hypertension, diabetes and cardiovascular disease. The development of overweight in childhood is also related to subsequent overweightaobesity in adulthood, 4 where it is associated with an increased risk of morbidity and mortality. 5 Efforts to intervene or treat obese adults have been generally unsuccessful, but prevention may be more effective. Prevention should occur when it is most likely to be effective; thus, adult overweight should be prevented when it starts to develop in childhood.
It has been suggested that childhood overweight and obesity develop during`critical periods'. 6 Investigations of direct relationships between the timing and degree of overweight or obesity during`critical periods' from childhood into young adulthood and subsequent adult overweight and adiposity have not been available due to the absence of long-term serial data. Such data involve frequent measurements at numerous ages during childhood along with corresponding adult adiposity values in order to link relationships between overweight during critical periods from childhood into young adulthood and subsequent adult overweight and adiposity.
We previously examined the patterns of change in the body mass index (BMI), its correlation with levels of body fatness and risk relationships of BMI percentile levels in children and adults. 4, 7, 8 BMI is the most commonly used index of overweight and obesity for which cut-off points have been established. 9 ± 11 In the present study, we extend our investigation to the changes in BMI during critical periods from 2 to 25 y of age and their relationships with adult overweight status and levels of adiposity in the same persons at 35 ± 45 y of age. Adjustments for the effects of birth weight and adult lifestyle variables including physical activity, alcohol and cigarette use were included. Speci®cally, the present study examines patterns of change in adiposity, as indexed by BMI, during periods of early childhood, pubescence and post-pubescence and their independent effects on subsequent adult overweight and body fatness. This study is the ®rst to document measured changes in the pattern of childhood adiposity, ie, its timing and levels of intensity, and their effects on measured levels of fatness in the same persons over a period of up to almost 50 y of life. In addition, this study looks at the effects of birth weight and adult lifestyle factors that are reported to enhance the development of overweight on these longitudinal relationships.
Materials and methods

Study sample
The present data are available, in part, from 338 participants in the Fels Longitudinal Study, which began in 1929. Fels participants are generally enrolled at birth and are not selected in regard to factors known to be associated with disease, body composition or any other clinical condition. 12 The children are examined semi-annually near their birthdays and half-birthdays until 18 y of age, then biannually to 24 y of age. Subsequent adult measurements occur at 5 y intervals until age 40 y; thereafter, the measures are taken at 2 y intervals.
Measurement protocols
BMI values were calculated from weight and stature measurements collected from all 338 participants (180 males and 158 females), 2 ± 25 y of age. There were 159 participants (82 males and 77 females) in the sample of 338 who had adult BMI values recorded between 35 and 45 y of age. These BMI data were collected between 1929 and 1996 using procedures similar to those for corresponding methods in the Anthropometric Standardization Reference Manual. 13 Birth weight data were collected from birth or hospital records.
Among the 159 adults of the sample of 338 Fels participants, there were 47 men and 38 women who also had measurements of total body fat (TBF), and percentage body fat (%BF), and values for physical activity (PA), alcohol and cigarette use from 35 ± 45 y of age. Starting in 1976, the body fat measurements were calculated from hydrostatic weighing, and the physical activity (PA), alcohol and cigarette use data from self-reported questionnaires. 14 The Baecke questionnaire was used to measure PA. Habitual physical activity in the Baecke questionnaire has been previously validated against other measures of physical activity, including 48 h activity diaries, 15 3 day activity diaries, 16 and 4 week activity histories. 17 The Baecke questionnaire was also validated against measures of physical ®tness, ie peak oxygen consumption. 15, 17 In the present study, the PA questionnaire was used to assess occupational and leisure PA. The scoring ranged from 1 to 5 with the higher number representing a higher level of activity. The average of the occupational and leisure PA scores was calculated as the level of activity at an examination. Based upon this average activity score, participants were separated into three PA groups: low, medium and high for each examination. Alcohol and cigarette use were categorized into low (none), medium or high groups also using methods similar to those for levels of physical activity.
Statistical analysis
The individual serial data for BMI from 2 to 25 y of age from the 338 Fels participants were summarized by a third degree polynomial, and the goodness of ®t was based on the residual mean square errors (RMSE). The individual childhood BMI parameters describing the pattern of change in BMI were derived from the ®tted model using the SAS PROC REG regression. 18 The mathematical derivations of these BMI parameters are presented in the Appendix.
The BMI parameters for the adult participants were related to their corresponding adult BMI overweight status of BMI ! 25 or BMI`25 using logistic regression and to adult values for BMI, TBF and %BF at 35 ± 45 y of age using a general linear model analysis. All these analyses were performed with and without inclusion for physical activity levels, alcohol and cigarette use and birth weight. Interactions between these covariates and the BMI parameters were examined also. Means and standard deviations for BMI, TBF and %BF values at 35 ± 45 y of age were also computed separately by their BMI status. These comparisons were made by analysis of variance.
Results
Patterns of change in BMI
The selected polynomial model described the patterns of change in BMI for the 338 Fels participants from 2 to 25 y of age very well. In boys, the mean RMSE was 0.58 kgam 2 Figure 1 . There is a general trend in the BMI patterns for this group. BMI decreases at approximately 2 y of age, reaches a minimum at about 5 y of age, then increases, and reaches a maximum at approximately 22 y of age.
Three sets of BMI parameters, representing threè critical periods' from 2 to 25 y, were developed from the ®tted data for each individual. BMI minimum (BMI min ) and age at BMI minimum (Age min )
Adult overweight and adiposity and BMI from childhood SS Guo et al represent the early childhood period known as the BMI rebound. Maximum velocity of BMI (V max ), BMI value at maximum velocity (BMIV max ), and age at maximum velocity of BMI (AgeV max ) represent pubescence. BMI maximum (BMI max ) and age at BMI maximum (Age max ) represent post-pubescence. A graphical presentation of occurrence of these BMI parameters is demonstrated in Figure 2 for an individual.
BMI rebound
In the present data, the average BMI min at the BMI rebound was 15.33 kgam 2 for boys at an average Age min of 5.4 y ( Table 1 ). The corresponding mean values for girls were 14.87 kgam 2 at 5.3 y of age. There was a signi®cant difference (P`0.05) between boys and girls in their average BMI min but not their Age min during the BMI rebound.
Pubescence
After the BMI rebound, BMI values increased ( Table  1 ). The rate of this increase or V max was not different between boys and girls. However, the AgeV max occurred for girls at age 13.04 y, which was signi®-cantly earlier than that for boys at age 14.3 y by about 1.3 y. Furthermore, the BMIV max value was signi®cantly higher in boys than in girls.
Post-pubescence
BMI values reach their maximum in each sex during the post-pubertal period (Table 1) . Again, girls had their Age max at a signi®cantly earlier age than boys by about 2.4 y, but BMI max was signi®cantly larger in boys than in girls (P`0.05). BMI values and their time of occurrence during the BMI rebound, pubescence, post-pubescence re¯ect the sex difference in the growth of boys and girls.
Signi®cant interrelationships among the BMI parameters are presented in Table 2 . Children with an early BMI rebound or Age min tended to have high BMI min values at the rebound. Children with an early Age min also reached their V max and BMI max early, but the latter occurred in girls only. Children with an early BMI rebound or Age min had a large V max (in boys only), a large BMIV max and a large BMI max . Children with large BMI min values tended to reach their AgeVmax early, to have a large BMIV max and a large BMI max . During pubescence, girls who had an earlier V max had a larger V max . Boys and girls who had an earlier V max also tended to have an earlier BMI max , but a large BMI max for boys only. V max was positively associated with large BMIV max values and a large BMI max during the post-pubescence period. BMI values reached their maximum post-pubescence, and the later this occurred or the older the Age max , the larger the BMI max in both sexes.
Through childhood into young adulthood, boys tend to have larger BMI values than girls, but in girls the timing or age of the adiposity events occurred 1 ± 2 y earlier than in boys after the BMI rebound. The interrelationships among these periods indicated that the earlier BMI events occurred in one period, the more likely similar events were to occur in a later period. At the same time, the larger the BMI at one period, the larger the BMI at a later period.
The overweight status of the adults at 35 ± 45 was based upon World Health Organization classi®cation of BMI b 25 with non-overweight of BMI`25. Mean adult values at 35 ± 45 y of age for BMI, TBF and %BF by this overweight classi®cation are presented in Table 3 . As expected, overweight adults had signi®-cantly higher mean BMI values than non-overweight adults. Similarly, overweight men and women had signi®cantly larger means for TBF and %BF than the non-overweight men and women.
BMI from 2 to 25 y and at 35 ± 45 y Each of the BMI parameters was related to adult BMI overweight status using logistic regression with adjustment for the covariate effects of birth weight and adult physical activity, alcohol and cigarette use (Table 4 ). There was no association of the BMI rebound with adult BMI overweight status in the men. However, an earlier BMI rebound or Age min for a girl signi®cantly (P`0.05) increases her likelihood of being overweight as a woman. A girl with an earlier BMI rebound by 1 y has twice the risk (1a0.44 2.27) of having a BMI ! 25 as a woman as compared with girls of later BMI rebound. During pubescence, maximum velocity of BMI or V max and BMIV max were associated with adult BMI overweight status. A boy with a higher maximum rate of increase ) year during pubescence has a risk of being overweight as a man three times that of his peers. The corresponding risk of being overweight was 1.9 times for girls. An individual boy with greater BMI by 1 (kgam 2 ) during the time of reaching maximum velocity has 2.0 times the risk of having an adult BMI ! 25 as that of his peers, while the corresponding relationship for a girl was almost 3.6 times that of her peers. BMI max was also predictive of the risk of having a BMI ! 25 in men with an odds ratio of 1.8 and 2.2 in the women. The relationships between BMI parameters and adult BMI status were stronger in women than men. Five of the seven BMI parameters from early childhood to post- a Signi®cant sex differences at P`0.05.
Adult overweight and adiposity and BMI from childhood SS Guo et al pubescence were predictive of adult overweight in the woman, whereas only three were predictive of being overweight in the men, primarily during pubescence. There were no signi®cant covariate effects of birth weight or the adult lifestyle variables on these ®ndings.
BMI from 2 to 25 y and adiposity at 35 ± 45 y
The BMI patterns from 2 to 25 y were also related to the measured adult levels of adiposity irrespective of their overweight classi®cation (Table 5) . Birth weight and adult levels of physical activity, alcohol and cigarette use were again included in this regression analysis. In the men, BMI at maximum velocity or BMIV max during pubescence was the most important signi®cant predictor for adult values of TBF and %BF, explaining 23% and 7% of the inter-individual variance, respectively. The birth weight had a small Adult means and standard deviations for TBF and %BF were further analyzed for levels of birth weight, physical activity, alcohol and cigarette use separately. Obese men and women tended to have lower birth weights than their counterparts, but this difference was not signi®cant. Analysis of variance followed by pair-wise comparisons indicated no statistically signi®cant differences in TBF and %BF between levels of physical activity, alcohol or cigarette use in both sexes independent of the seven BMI parameters.
Discussion
These ®ndings present the relationship of the timing and level or intensity of adiposity development from 2 to 25 y of age with adult overweight status and levels of adiposity for the same persons over the ®rst 40 plus years of life. These analyses included the covariate effects of birth weight and adult lifestyle factors. Our goal was to summarize the patterns of change in BMI over 2 ± 25 y of age from longitudinal data into three sets of biologically meaningful parameters, each representing one of three critical periods for the development of overweight, the BMI rebound, pubescence and post-pubescence. The associations of the BMI parameters during these three periods with subsequent adult BMI and adiposity levels are summarized in Table 6 . These ®ndings indicate that the BMI rebound is an important period for girls, in regard to the development of subsequent overweight and increased levels of adiposity in adulthood. The pubescence period is important for both sexes in that the rate of increase in BMI and the BMI value at the maximum increase are related to high adult BMI levels, but more so in the men than in the women. The maximum BMI attained at post-pubescence is strongly related to the degree of fatness in adulthood, but more so for women than for men. Finally, the relationship of these BMI parameters with corresponding adult levels of overweight are stronger than the relationship or the effects of birth weight and adult levels of physical activity and alcohol and cigarette use on adult levels of overweight.
Change in BMI from 2 to 25 y of age
The seven childhood BMI parameters differ between boys and girls. In general, boys had larger BMI values than girls, but the timing of the BMI events occurs earlier in girls than boys. These sex differences represent the expected larger body size of boys and earlier maturity of girls. There were also signi®cant interrelationships among the seven BMI parameters in each sex that are similar to those noted by other investigators.
Studies of the relationships between the age of the BMI rebound and subsequent adiposity in pubescence indicate that the earlier the BMI rebound, the more likely a child is to develop adiposity in late pubescence. 19, 20 In the present study, children with an early BMI rebound or Age min tended to have high BMI values at the rebound. Children with an early BMI rebound reached their maximum velocity of BMI early had a large BMI at maximum velocity and a large BMI maximum. Children who had an early BMI rebound tended to reach their maximum BMI early. Children who had large BMI values at the BMI rebound also had large BMI values at maximum velocity and large maximum BMI values.
This same pattern of relationships persisted in pubescence and post-pubescence. Girls, rather than boys, with an early maximum velocity of BMI or V max had large BMI values at maximum velocity and large maximum BMI values. However, both boys and girls with a high V max also had high BMI values at maximum velocity and high maximum BMI values. Similarly, those children with high BMIV max also had high maximum BMI values. Thus, the earlier a child is`fat', thè fatter' the child. The earlier a child is`fat', the earlier a child will be fat at a later age. The fatter a child is at one age, the fatter that child will be at a later age.
These associations through pubescence support previously demonstrated ®ndings on the persistence or tracking of high adiposity levels into young adulthood. 21 In the present study, the timing of the maximum velocity of BMI or AgeV max was, on average, 1 y later than the peak height velocity for girls at 11.8 y and about half a year later than the peak height velocity for boys at 13.8 y. 22 The timing of peak weight velocity in Fels participants is approximately 11.4 y for girls and 13.3 y for boys. Peak weight velocity was almost half a year later than peak height velocity, but it was earlier than the peak velocity for BMI in both sexes. However, the correspondence of AgeV max with the peak velocity for TBF and %BF are unknown. The present ®ndings for the pattern of change in BMI from 2 to 25 y of age strongly support the fact that overweight tracks from childhood through young adulthood and into middleaged adulthood. However, our understanding of the timing and intensity of the real changes in TBF and %BF and their impact on childhood overweight has a large gap during pre-pubescence, ie between the BMI rebound and puberty.
Change in BMI from 2 to 25 y and adult overweight and adiposity
The relationships among the BMI parameters demonstrate a pattern that is re¯ected in their association Adult overweight and adiposity and BMI from childhood SS Guo et al with levels of fatness as adults. Braddon and coworkers 23 investigated the tracking of adiposity from adolescence to later adulthood. We have also reported on the signi®cant risk relationships between BMI percentile levels in childhood and the risk of high BMI percentile levels at age 35 y. 4 Children with high percentiles are at risk of having a high BMI percentile at age 35 y. An overweight child at any age is at risk of being overweight at 35 y of age. However, measures of the timing and intensity of overweight from 2 to 25 y in relation to levels of adult overweight have not been investigated previously in conjunction with recorded birth weight and adult lifestyle variables.
The association of childhood to adult overweight and levels of adiposity was slightly different between women and men. The earlier the BMI rebound in females, the larger the BMI rebound, the earlier the age of the maximum velocity of BMI and BMI at maximum velocity, the earlier the age of the maximum BMI and the maximum BMI. These events were choreographed throughout childhood so as to result in an overweight girl at maturity. Increased BMI during and at maturity, ie BMIV max and BMI max , was the most important factor in predicting the adult level of BMI, TBF and %BF in women, irrespective of concurrent levels of physical activity, or alcohol and cigarette use. In the men, the pattern was different in that the relationships were more speci®cally concentrated during pubescence. For boys, BMIV max and BMI max were the most signi®cant variables in predicting adult levels of BMI, TBF and %BF. These associations were independent of the effects of adult levels of physical activity, alcohol and cigarette use.
In contrast to existing studies reporting the importance of BMI rebound and its relationship with subsequent obesity, our study has highlighted the greater importance of BMI changes during pubescence and post-pubescence on the development of overweight in children and adults. The differences between the present study and previous studies 19, 20, 24 can be attributed to several factors. The present study has a longer follow-up period compared with the previous studies, and we examined critical periods in relation to adult overweightaobesity status at 35 ± 45 y of age. Other investigators examined the BMI rebound but the overweight status was observed late in pubescence only. In the present study, the measures of adult overweight and direct measures of TBF and %BF from hydrodensitometry were used, while others used only BMI as a measure of adiposity. The present study included birth weight and adulthood physical activity, alcohol and cigarette use while examining the relationships of BMI changes during childhood with adult levels of overweight.
Effects of birth weight and adult physical activity, alcohol and cigarette use
The seven BMI parameters are important predictors of adult overweight after adjusting for adult physical activity, alcohol and cigarette use. This indicates that while physical activity may be an important or effective factor in affecting weight control for some overweight and obese adults as has been recommended, adult overweight can be more effectively prevented or treated by focusing on the timing and intensity of its development in childhood. There were also no statistically signi®cant differences in BMI, TBF and %BF values among levels of physical activity in both sexes. There is also little or no signi®cant difference in BMI, TBF and %BF among alcohol and cigarette use. In the present study sample, the number of participants with data for physical activity, cigarette smoking and alcohol consumption was small, and this may have contributed to the occurrence of non-signi®cant differences among the different levels of lifestyle.
It has been suggested that lower birth weight is associated with adulthood overweight and obesity. 10, 25, 26 In our study, the negative relationship between birth weight and adult overweight and adiposity, while signi®cant, is very weak and in men only. Birth weight is a very weak predictor for adult overweight especially after consideration of the childhood BMI parameters and adult lifestyle factors.
Conclusion and implications
From the present analyses linking the development of adiposity in childhood to overweight adulthood, we arrived at several conclusions. Boys tended to have larger BMI values than girls, and the rates of change in BMI were larger in boys than girls. There was no sex difference in the timing of BMI rebound, but there was for the age of the peak velocity of BMI and maximum BMI, both of which were earlier in girls than in boys. Children with an earlier BMI rebound had larger BMI values at rebound and at peak velocity. Those individuals who reached maximum BMI at later age had larger maximum BMI values.
Changes in BMI during childhood were related to adult overweight and the relationships were stronger for women than men. In females, maximum BMI at approximately 21 y of age is a strong predictor of adulthood BMI, TBF and %BF. In males, BMIV max at approximately 14 y of age and BMI max at approximately 24 y of age were the most signi®cant predictors for adulthood BMI, TBF and %BF. Among the seven BMI parameters, changes during and post-adolescence were more important than the BMI rebound for TBF and %BF in adulthood. The pattern of BMI changes during childhood, re¯ecting the development of childhood overweight, had stronger effects on subsequent adult overweight in the same individuals than their birth weight and adult lifestyle variables. The causes of childhood overweight are numerous, and there is a genetic component also. Whether these children became obese because of environmental Adult overweight and adiposity and BMI from childhood SS Guo et al factors or genetic factors, there is a strong tendency for their overweight to persist into and through adulthood.
